INTRODUCTION
The nuclear catastrophe at Fukushima in Japan in 2011 has compelled the world to consider renewable energy as a safe reliable and cost effective alternative to nuclear energy [1] , [2] . Renewable energy sources like solar, biomass and wind are locally available sources of energy, which are safe and reliable for the environment [3] . Wind energy is quite popular because it is cheap, clean, emission-free and eco-friendly resource of energy [4] .
There are many conventional generators namely squirrel cage induction generator, doubly fed induction generator and electrically excited synchronous generator used to harness energy from the wind but they either require the slip rings or gearbox or in some cases both due to which system becomes less reliable and complex [5] . In this context, permanent magnet synchronous generator (PMSG) is quite suitable for wind application as it does not require any gearbox, slip ring, or winding on the rotor. It also has the advantage of compact size, high efficiency, high reliability and high power density over conventional generators [6] , [7] . The power density and reliability can be further be enhanced using multi-phase (higher than three phase) PMSG. It reduces the torque ripple in the machine and size of DC link capacitor and also the rating of power electronic switches. Multiphase system poses an additional degree of freedom during the fault-tolerant operation [8] . Figure 1 depict general wind power turbine scheme with components like wind-mill, generator, rectifier, inverter, transformer and grid or stand-alone load system. Reliability and the cost are the two main factor of the wind turbine. In [9] , [10] authors have reported that the component of power electronic converter and their control units are contributor of faults in majority of the cases. In particular the open circuit faults due to converter switches are common cause of faults.
To improve the fault tolerance of wind turbine many control strategies and
In [11] authors used neutral-point-clamped (NPC control technique of the converter to improve the fault tolerance of wind energy conversion (WEC) system.
Presence of more power switches and their control scheme makes the sy Authors in [13] have considered a simple, low cost, robust and high fault tolerant WEC system whi PMSG, three-phase diode rectifier with DC to DC boost converter and voltage source inver farms. In [14] authors reported a five-phase PMSG based WEC system which has better performance and fault tolerance capability compared to classical three phase PMSG system. five phase PMSG, a five-phase diode rectifier with DC to DC boost converter and voltage source inverter (VSI) is a good solution for WEC system. The PMSG under healthy and faulty conditions needs to using finite element method. The electromagnetic performance conditions. To investigate the fault-tolerant capability link voltage and its ripple factor is accounted 5-phase PMSG are compared with a conventional 3 carried out with MATLAB/SIMULINK with experimental results of prototype generator. This Paper is organised in the following manner. S parameter of PMSG. Section-3 elaborates the mathematical modelling and the electromagnetic performance parameters.
Section-4 describes the generator and experimental set faulty conditions of the generator are discussed in section
TOPOLOGY FOR INVESTIGATION
The proposed five-phase Permanent magnet synchr of a stator having 60 slots, five phase, double layer fractional slot winding and a rotor having four pairs of surface permanent magnets, each short-pitched by 36 composing each phase short-pitched by from the generated voltage in the coils. Figure   distributed around the stator. The rating of the machine is listed in Table 1 To improve the fault tolerance of wind turbine many control strategies and converter clamped (NPC) topology converter. From control aspect control technique of the converter to improve the fault tolerance of wind energy conversion (WEC) system.
Presence of more power switches and their control scheme makes the system less reliable, more expensive and complex.
Authors in [13] have considered a simple, low cost, robust and high fault tolerant WEC system whi phase diode rectifier with DC to DC boost converter and voltage source inverter (VSI) for small phase PMSG based WEC system which has better performance and fault tolerance ssical three phase PMSG system. According to above studies, it seems that a system phase diode rectifier with DC to DC boost converter and voltage source inverter (VSI) is a good
The PMSG with connected rectifier is the building block of WEC needs to be explore. In this paper, authors have designed and optimised the FP using finite element method. The electromagnetic performance analysis of generator is carried out under healthy and faulty tolerant capability of the proposed generator connected with a accounted as the performance parameters. These performance parameters for a a conventional 3-phase and 5-phase PMSG under healthy and faulty conditions carried out with MATLAB/SIMULINK. The simulated and FEM results of the proposed generator are further validated with experimental results of prototype generator. . From control aspect [12] opted for a new direct control technique of the converter to improve the fault tolerance of wind energy conversion (WEC) system. stem less reliable, more expensive and complex.
Authors in [13] have considered a simple, low cost, robust and high fault tolerant WEC system which includes three phase ter (VSI) for small-scale wind phase PMSG based WEC system which has better performance and fault tolerance
According to above studies, it seems that a system comprising phase diode rectifier with DC to DC boost converter and voltage source inverter (VSI) is a good WEC system. So its performance The machine is designed such that it is not saturated due to the combined effect of these fluxes. The armature flux depends on the load due to which it either supports or opposes the PM flux. In terms of saturations the stator teeth are the most sensitive part of the generator. Figure 6 and Figure 7 show that the peak flux density due to PM and winding are around 1.45 and 0.10 tesla, respectively. It is clear that their combined effects of the two is lesser than the peak saturated flux density of 1.8 tesla in the stator teeth. The design details corresponding to the rating of the generator are listed in Table 2 . 
FP-PMSG MODELLING
The fault-tolerant five phase PMSG is to be used for small-scale WEC system. Keeping the system simple and reliable, a five-phase diode rectifier is used on generator side and a three phase VSI should be used for the grid /load.
It is clear that the output of the rectifier is the fundamental building block of this system. The analysis of rectified DC voltage under healthy and unhealthy condition is required to fix the size of the DC-link capacitor and to know the system fault-tolerant capability. For this analysis, MATLAB/Simulink is considered for modelling the generator connected with five phase rectifier, as shown in Figure 8 . 
In equation. (6) R is the phase resistance. In equation. (7) , L, M a , M na are the self inductance, mutual inductance between adjacent phases and mutual inductance between the non-adjacent phases, respectively.
Alternatively, the generated five phase voltage can be expressed as
1,3,7..
Where E k is the peak phase voltage and w e is the electrical frequency.
The total electromagnetic power is the sum of power generated by each of the phases P(t) (t) I (t) (t) I (t) (t) I (t) 
The electromagnetic power is due to the electromagnetic torque (P(t)/w e ). Hence the total torque required to move the generator 
Where T cogg is the cogging torque which is present during entire operation of generator.
The %ripple factor torque can be expressed as max min %Torque RF 100
Where T max , T min and T avg are the magnitude of maximum, minimum and average value of torque, respectively. on the other hand the rectifier DC output voltage can be expressed as, 
where V rms and V dc are the rms value and average value of rectified output voltage, respectively.
When electrical load is connected to the rectifier then current can be expressed as 
And power delivered to the load can be expressed as
EXPERIMENTAL SETUP
To investigate the fault-tolerant capability of FP-PMSG drive, an experimental setup is developed as shown in 
RESULTS AND VALIDATION
The generated voltage is verified with experimental results. It is found that at 400rpm experimental result is 2.06% higher than the FEM result as shown in Figure 11 . The first is three phases PMSG with sinusoidal generated phase voltage, the second is five phase PMSG with sinusoidal generated phase voltage and the third is the proposed FP-PMSG with trapezoidal generated phase voltage.
Figure12 shows simulated five phase generated voltages of the proposed generator which is of trapezoidal shape.
The FFT analysis of generated voltage is carried out. It is observed that % THD is 16.08%, as shown in Figure 13 .
The higher THD in the generated voltage confirms the presence of multiples third order harmonics which makes the proposed generator advantageous than the other two generators. Due to the flat topped nature of generated voltage, the rectified voltage has less ripple content. A comparative study of these generators is carried out in the next subsection. 
No-Load Operation
The simulated result at no-load
The DC voltage of the proposed generator is three phase PMSG at 400 rpm. The %ripple factor for is 4.336% and ten pulses DC voltage as shown in figure 15 is 2.945% of proposed PMSG is found to be negligible PMSG is found to be 0.009% and is in good agreement with the simulated result. cted with diode rectifier are listed in Table 3 .
is 12.45% higher compared to of three phase generator as shown in figure 14 . In contrast the %ripple factor 
Load Operation
The loading of the proposed generator is performed using five phase diode rectifier and a graph is plotted between DC voltage and DC current as shown in Figure 18 . At DC current of 10A, rectified DC voltage is found to be 18.134%
lesser than the no-load voltage. The drop in voltage is due to the machine parameter and diode forward voltage drop. The simulated result is found in good accordance with the experimental result. Figure 19 shows shows electromagnetic torque under healthy and faulty conditions. The magnitude of torque and its ripple under all these conditions is listed in Table 4 . It is found that torque is 19.704% lesser for C phase fault, 19.725% lesser for B phase fault, 37.046% lesser for B&D phase fault and 39.075% lesser for B&C phase fault than the healthy condition. Therefore, ripple factor is found least under the healthy condition and highest under B&C phase fault. 
Design, Control and Experimental Investigation of Fault

CONCLUSIONS
This paper has presented a Fault utilises five-phase permanent magnet synchronous generator coupled with an uncontrolled diode rectifier. The FP is designed and optimised using FEM analysis in such a way that the model has no saturation under loading condition. The experimental result of electromotive force at 400 rpm is found to be 193.92 volts at 26.667Hz frequency, which is 2.06 % higher than the FEM result. The shape of EMF particular the harmonics are 3 rd , 7 th , 9 th coupled rectifier is compared with two conventional 3
found that ripple factor in DC link voltage for the proposed generator is least voltage ripple fault for conventional 3 phase, 5 phase and proposed PMSG are found respectively. Similarly, for the adjacent and non PMSG has higher ripple factor as compared to the proposed FP PMSG will be higher than proposed FP voltage shows a dip at rated current which is due to machine parameter and armature reaction effect. Similar, effect is found under faulty conditions. Furthermore, the electromagnetic torque of the proposed generator has been investigated 
